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SUMMARY 

NASA's Langley Research Center and General Dynamics have 

j o i n t l y  conducted inves t iga t ions  of advanced f i g h t e r  wing concepts 

Since 1973.  The design philosophy used i n  these j o i n t  i nves t iga -  

t i o n s  has been t o  ob ta in  t h e  bes t  poss ib l e  t r anson ic  maneuver 

c a p a b i l i t y  from low-aspect-ratio f i g h t e r  wings t h a t  have t h i n  - 
a i r f o i l s  i n  order t o  preserve good supersonic  a c c e l e r a t i o n ,  

The design and t e s t  of a s u p e r c r i t i c a l  "sloped-rooftop" concept 

is  presented wi th in  t h i s  repor t .  

The design of the SMF-1 wing progressed in  t h r e e  s t a g e s .  

These s t ages  w e r e  the (1) se l ec t ion  of a planform, (2) design of 

the  a i r f o i l  shape, and (3) design of t he  wing spanwise contour 

v a r i a t i o n s .  A planform w a s  se lec ted  t h a t  w a s  capable  of  producing 

a design l i f t  c o e f f i c i e n t  o f  0.90 without  b u f f e t  a t  Mach 0 .90 .  

The a i r f o i l  snape chat  couid produce the des i red  'l.slciped-rmftapll 

chordwise pressure  d i s t r i b u t i o n  was designed wi th  t h e  2-d viscous 

Garabedian and Korn procedure. The spanwise v a r i a t i o n s  i n  camber 

and twist requi red  t o  preserve t h e  des i red  pressure  d i s t r i b u t i o n  

along the wing span were desi ined wi th  the  3-D Jameson procedure. 

Test r e s u l t s  on t h e  SMF-1 wing on a NASA fuse l age  ind ica ted  

s i g n i f i c a n t  aerodynamic improvements. An improvement i n  sus ta ined  

l i f t  a t  C 

variable-camber wing previously developed j o i n t l y  by NASA and 

of t h e  F-100 engine w a s  found f o r  t h e  SMF-1 over a 
%AX 

General Dynamics. This improvement w a s  approximately 7% b e t t e r  than - 
xi 



conventional hinged f l a p s  on a s i m i l x - p l a n f o r m .  

a lso had less drag creep and higher CL's before  t h e  onse t  of 

This SMF-1 wing . --7 
__ -.- 

b u f f e t  than t h e  previous v a r i a b l e  camber wing . 
An ana lys i s  of p re s su re  da t a  and o i l  flow photographs on the  

SMF-1 wing indica ted  t h a t  t ra i l ing-edge  flow sepa ra t ion  was  l i m i t -  

i ng  t h e  aerodynamic improvements. 

t i o n  by use of vortex genera tors  and by a l t e r i n p  the  t r a i l i n g -  

edge camber were unsuccessful.  

Attempts t o  delay t h i s  separa-  

Fur ther  refinement of  t h e  t h e o r e t i c a l  desipn process  used f o r  - 
t h e  SIG-1 wing is warranted because of t h e  favorable  t es t  resul ts .  

The wing p res su re  data ind ica t ed  t h a t  a t r u e  "sloped rooftop" d i s t r i -  

bu t ion  w a s  n o t  achieved. More r ecen t ly  developed t r anson ic  computer 

codes need t o  be evaluated tode tern ine  t h e i r  usefu lness  f o r  t r anson ic  

wing design. 

The success  of the SMF-1 wing can be a t t r i b u t e d  t o  i t s  

o rab le  combination o f  camber and t w i s t .  V e r i f i c a t i o n  of t he  

' f a v o r a b l e  e f f e c t s  of t h e  a i r f o i l  shape alone i s  needed t o  v a l i -  

t h e  usefulness  of t h e  "sloped-rooftop'' concept. This 

t e s t i n g  of an untwisted wing i n  add i t ion  t o  t h e  

optimum t w i s t .  The supersonic p e n a l t i e s  a s soc ia t ed  

r equ i r ed  t w i s t  a l s o  need t o  be i d e n t i f i e d .  
&*d T 3 0  

x i i  



1. INTRODUCTION 

Since initiation in 1973 of a joint NASA/General Dynamics 

program of research in advanced fighter wing concepts, several 

transonic technology concepts have been investigated. These 

experimental investigations were primarily concerned with thin 

wings of moderate aspect ratio (3  to 4) and leading-edge sweep 

(30 to 55 degrees). Variable-contour camber was one such concept 

that indicated a potential improvement in transonic maneuver 

capability and was reported in References 1-5. 

A variable-camber wing labeled W18 was experimentally developed 

in cooperation with Ted Apers of NASA Langley Research Center in the 

Langley 8-foot tunnel. The design philosophy was to start with a 

thin, flat wing for good supersonic characteristics and to provide 
- - ---. __- "I .. I. -- - _*-I 

the capability for variable camber in the leading- and trailing- 

edge regions. The contoured flap seggents for wing_W18 had bee-n 

experimentally optimized for high transonic maneuver in the 

cambered configuration at discrete Mach numbers (heL. 4 ) .  

z - 
--I 

-_ 

The experimental investigations with wing W18 and similar 0 
4 

variable contour wings failed to show sufficiently compelling 

aerodynamic improvements to justify the added mechanical complexity 

Of a variable contour maneuver flap system 

was decided in 1976 to begin a different approach to the transonic 

(Ref. 5 ) .  For this reason,it 

wing design problem. The use of variable camber was not discarded, 

1 



but the previous design restrictions (i.e., variable camber restricted 

to leading- and trailing-edge regions) had to be removed if more 
0 sizable inprovenents were to be found. The process of 

developing the desired contour shapes had also proven to be time - 
consuming, expensive, and difficult . 

c h 

Recent developments in viscous flow computer procedures a?peared 

to be an attractive addition to the experimental "tuning" process 

used to design previous variable camber wings. If these theoretical 

procedures could be used to define the chordwise and spanwise camber 

variations that would produce the flow properties desired by the 

aerodynamicist, the experimental phase could be used to verify and 

final tune the wing aerodynamic characteristics. With this in 

mind a cooperative NASA/General Dynamics wing design was initiated 

in 1976. 

(zupercritical ganeuver Fighter Wing),was reported in Reference 6. 

This report reviews the design of the SNF'-lwing and documents the 

The resulting wing design,which was designated SKF-1 

significant experimental results obtained to date. 

4 
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2 ,  REVIEW OF SMF-1 WING D E S I G N  

One of t h e  goa ls  t h a t  aerodynamicists s t r i v e  f o r  i n  

t ransonic  wing designs i s  t h e  prevention, de lay ,  o r  c o n t r o l  of t h e  

formation of drag- and buffet-producing shocks. 

t he  "sloped-rooftop" wing w a s  a wing shape which produces a 

chordwise, sloped pressure  d i s t r i b u t i o n  t h a t  allows the  flow t o  

The concept of 

reach  t h e  c r i t i c a l  flew c m d i t i m s  over t h e  e z t i r e  s ix face  without 

c rea t ing  a s t rong  shock. Idea l ly  t h i s  type of pressure  d i s t r i b u t i o n  

allows t h e  wing t o  generate  i t s  maximum l i f t  load before  shock- 

induced separa t ion  and t h e  associated increase  i n  p r o f i l e  drag 

occur.  The r e s u l t  would b e  a wing with super ior  t ransonic  

maneuverabili ty c h a r a c t e r i s t i c s .  

As repor ted  i n  Reference 6 ,  t h e  design of t h e  "sloped-rooftop" 

s u p e r c r i t i c a l  wing proceeded i n  th ree  phases:  

a i r f o i l  development, and wing contour development. A t h i n  wing 

(t/c-.0425) t h a t  could produce a l i f t  c o e f f i c i e n t  of 0 . 9 0  without 

inducing b u f f e t  a t  Mach 0 .90  was the  design c r i t e r i a  f o r  s e l e c t i o n  

of  a wing planform. 

planform developuient, 

By def in ing  t h e  d e s i r e d . s t a t i c  pressure  d i s t r i b u t i o n  co r re s -  

-dins t o  c r i t i c a l  flow conditions ( i . e . ,  l o c a l  Mach number = 1.01, 

as  shown i n  Figure 1, and in tegra t ing  t h i s  d i s t r i b u t i o n  over t h e  

wing planform, i t  can be  shown tha t  t h e  design l i f t  c o e f f i c i e n t  

3 
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i s  a func t ion  of t h e  planform shape ( i . e .  , .; , A , and A ) , t / c ,  

and 1.1, . Therefore,  t h e  planform shapes t h a t  are capable of pro- 

ducing a b u f f e t  free l i f t  coe f f i c i en t  of 0 .90  a t  a freestream Mach 

number of 0 .9  can be defined as shown i n  Figure 2 f o r  a t h i n  wing. 

It i s  i n t e r e s t i n g  t o  no te  i n  Figure 2 t h a t  a family of forward 

swept wings which can p o t e n t i a l l y  develop t h e  design l i f t  coef- 

f ic ien t  , i s  defined in  add i t ion  t o  the  conventional a f t  swept wings. 

The planform se l ec t ed  f o r  t h e  SEZF-1 wing design had an aspec t  

r a t i o  of 3.28, t aper  r a t i o  of 0.2142, and leading-edge sweep angle  

of  45 dq.This planform shown i n  Figure 3 was  s e l e c t e d  because i t  

w a s  a t y p i c a l  f i g h t e r  type planform, i t  f e l l  w i th in  t h e  parametric 

family of  des i red  planforms defined in  Figure 2 ,  and it  w a s  com- 

p a t i b l e  with t h e  v a r i a b l e  camber wings prev ious ly  t e s t e d  as 

discussed in  Reference 6 .  

With t h e  des i red  pressure  d i s t r i b u t i o n  def ined as shown i n  

Figure 1 and t h e  planform shape selected as shown i n  Figure 3 ,  

t h e  nex t  phase of t h e  SMF-1 wing design w a s  t h e  d e f i n i t i o n  of an 

a i r f o i l  shape t h a t  could produce the des i r ed  pressure  d i s t r i b u t i o n .  

A t  t h i s  po in t  t h e  design process required a t h e o r e t i c a l  

t o o l  t o  match an a i r f o i l  shape w i t h  the des i r ed  pressure  d i s t r i b u -  

t i o n .  

4 

The Garabedian and Korn 2 D ,  viscous computer procedure,des- 

c r ibed  in  Reference 7,was selected a s  the  t o o l  t o  design an a i r f o i l  

5 
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s e c t i o n  t h a t  would produce t h e  t a rge t  pressure  d i s t r i b u t i o n  a t  

Mach 0 . 9 .  The j o i n t  NASA/General Dynamics design e f f o r t  

' t o  def ine  t h i s  a i r f o i l  shape i s  discussed i n  more d e t a i l  i n  
d 

Reference 6 .  The se l ec t ed  a i r f o i l  shape and t h e  p red ic t ed  

p res su re  d i s t r i b u t i o n  f o r  t h i s  shape a r e  shown i n  Figure 4 (Reference 8). 

The f i n a l  phase of t h e  design process w a s  t he  d e f i n i t i o n  of 

t he  apanxlse k-hg C O A ~ O ~ X  v a r i a t i o n  iieeded t o  slip the pressure  

i s o b a r ' s  sweep angle with the  l o c a l  wing sweep angle .  The design 

o b j e c t i v e  w a s  t o  preserve t h e  desired "sloped-rooftop" pressure  

d i s t r i b u t i o n  along t h e  e n t i r e  wing span. The th ree  dimensional 
/ 

w 
Jameson wing-design computer procedure descr ibed i n  Reference L 9 

w a s  p r imar i ly  used t o  help design the spanwise wing contour 
/ I 

v a r i a t i o n .  The r e s u l t s  of  t h e  Jameson procedure w e r e  used t o  

provide design guidance t o  select t h e  wing twist and a i r f o i l  

camber modif icat ions needed to a l ign  t h e  i sobar  sweep with the  

l o c a l  sweep angle .  

The r e s u l t i n g  spanwise contour v a r i a t i o n s  included a nonl inear  

wing t w i s t  p a t t e r n  and spanwise camber l i n e  v a r i a t i o n s .  The se l ec t ed  

a i r f o i l  shape w a s  appl ied  a t  the  wing midspan and the  requi red  wing- 

roo t  and t ip-canber  l i n e  modifications are shown i n  Figure 5 .  The 

Jameson procedure pred ic ted  t h a t  approximately 13 de@ of twist w a s  

needed. 

SMF -1 wing design i n  order  t o  reduce t h e  an t i c ipa t ed  supersonic  

pena l ty  f o r  such a high degree of  t w i s t .  

This value of t w i s t  w a s  reduced t o  9 . 1  deg f o r  the  f i n a l  
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The upper - surf ac e pres sure distributions for the 
SMF-1 wing predicted with the 3-D Jameson procedure are shown in Figure 6. 

It is interesting to note that the Jameson procedure predicted 

more of a "flat-rooftop" pressure distribution in lieu of the 

desired "sloped -rooftop" distribution. 

used to design the SMF-1 wing were thus in disagreement over the 

The two theoretical codes 

G o  b $  
shape of the chordwise pressure distributions. The relative ]pJp 
success in theoretically aligning the isobars with the local 

sweep angle may be gauged by comparing the location of the rear 

pressure peak as shown in Figure 6. 

for the isobars to unsweep as one proceeds outbcard; however, 

There was a slight tendency' 

the design objective was reasonably achieved. 1 
The problem in converting the 2-3 pressure distributions into a 

3-D distribution may be due to the nature of low -aspect-ratio wings. 

The flow over a lou-asDect-ratio wing does not lend itself to a 2-D 

The airfoil nalysis as attempted on the design of the SKF-1 wing. 

for this type of wing probably need to be totally designed 

theoretical code. 

10 



3 .  SMF-1 TEST RESULTS 

Three test entries have been made to date with the SMF-1 

wing in the Langley 8-foot transonic wind tunnel. 

and pressure data were obtained. 

Both force 

The significant results and 
c --,---..---------------.-.--. _ .  _ - - -  - -  

U aerodynamic characteristics of the SMF-1 wing 

I this report. The initial tunnel entry 

determine the basic aerodynamic characteristics of the SMF-1 wing. 

The two subsequent entries (LRC-8-802 and LRC-8-510) were made in 
I 

an attempt to improve those characteristics with vortex generators 

and bendable flaps 

leading- and trailing-edge flaps. 

and to obtain the effect of decambering the 

The SMF-1 wing was tested on a NASA fuselage that was 

to the F-16 fuselage as seen in the model photographs in Figures 

7(a), 7(b), and 7(c). The model was tested without strakes and 

L without wing-tip missiles. The SKF-1 wing was scaled to 1/15 of 

its projected full-scale size. 

presented in Table land compared to the previous variable-cmber 

The dimensions of the wing are 

wing (WlS). 

Drag polars for the SMF-1 wing at Mach 0.60, 0.80 

0.85, 0.90, 0.92, 0 . 9 5 ,  0.975 and 1.20 are presented in Fi ures 

8(a> thru S(h). All of these polars are for the model with the 

horizontal tail off. 

the plars for wing W18 are included. 

__g 

At Mach numbers where comparable daza exists , 
c 

In Figures 9(a) and 9(b) the - 7 7 ”  h J P t  
J 
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Table 1 Comparison of SMF-1 and W18 Wings Pd 

PARAMETER - 7  

GdY 
l/,r C - O A  LIP' \ / I C  SC& 

W18 LU\V ' SMF-1 SrnF-1 ( F \ q m  
I 

\,:'e+ ( \  50 4-) 333.3 1 ~ 4 2 5 ' 3 ~  338.3 i 2 Reference Area, Sw (FT 

Aspect Ratio, A 3.36 3.28 

Taper Ratio,A 0.2936 ' 0.2142 

L .  E .  Sweep, ,\ 

Airfeil  

Thickness Ratio, t / c  

40' r/ . 45O 

_-A- 

T i p  Chord (inches-full scale) ,  CT 54-24 \ 3 . b I L < ( k  -- - 42-97 2.Bb5 ( 2 . r b L t )  

Semi-span (inches-full scale) , b/2  200.8 -\x.3~7fk'~O0.0 \3s3'  ( \ 3  32t3' 
- _.- 
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Figure 9(a) W-1 Drag V a r i a t i o n  With Mach Nrnnber, LLJW (i, 
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Figure 9(b) SMF-1 Drag Variatim With Mach Number, High 
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variation in drag with Mach number for the SMF-1 wing is shown at 

constant values of lift. The drag variations for wing W18 are 

included at two values of CL for comparison. The drag of the i 
SIC-1 configuration is consistently less than the drag of 1418 

at all Mach numbers tested. &~,,p,r,e-w-.nt I”&” f 3 .5  
& t C h  

.c 

Wing root bending moments - were also measured on the SW-1 - 
wing in order that the buffet characteristics of the wing could be 

Bending moments for the SMF-1 wing are shown in 

a function of CL. The - onset of buffet was defined 

as”the CL where the rate of change of bending moment with lift 
+ !  

$$$as equal to 0.0004’! 

c%‘shown as a function of Mach number in Figure 11. 

This point is marked in Figure 10 and is 

-2 
a\l 
a,=r The drag and buffet characteristics of the SMF-1 wing are 
3 

sunmarized in Figure 12. The drag polar comparison between the 

SPF-1 wing and Wlb wing is repeated to show the increment in 

sustained lift at the C 

the increase in sustained lift is 0.037 for the SIC-1  wing above 

of the FlOO engine. At this point 
TMAx 

W18. Wing W18 had previously been shown to generate an increase 

in sustained lift of 0.015 above cbnventional-hinged-type flaps. 

Therefore, the SW-1 wing is indicatins a total increment in 

sustained lift of 0.052 above conventional flaps,which is a 7% 

increase. 
/ 

‘LbMAlso shown in F S i s  a comparison of the variation in 
b w  / drag versus Mach number between the SMF-1 wing and the W18 wing 
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AEZODYNAMIC CHARACTERISTICS 
.lor L R C - ? - E  LRC-8-785 I C, * C.6 SMF-1 

.iM I I I 1  ONSET l'ok 
DESIGN 

+&Io 1 NT 
.a .70 .a -90 

hi 
.7 .a -9 1.0 

M 

hl*iiJD~,;a 

FUSELAGE 

.9 1.0 4 .6 .I 

DRAG POLARS AT MACH = 0.9 
YORIZOHTA? TAIL OFF b CO:.-if 'EST P$h: M A p  2 x 19 

A SW-1 7% 4 .9 3.33 
0 .',le - ' .+SA 761 19 .P 3.32 

0.052 
'SUSTA I N E Z  
7% IkCREASEO 
c 

LSUSTAILE3 

, 

Fizure 12 - SIiF-1 Aerodpaniic Characteristics 
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creep o r  the increase  i n  CD a t  CL = 0.60 - 
A 

between Mach = 0.60 and Mach = 0.55 i s  19  counts f o r  S I P - 1  and 62 

counts f o r  W18. A l i f t  c o e f f i c i e n t  of 0 .60  was se l ec t ed  f o r  t h i s  

comparison because i t  i s  below the  C, where flow separa t ion  beg ins ;  
L - 

it  i s  high enough not  t o  pena l ize  e i t h e r  wing fo r  t h e i r  high 

camber. The range of Mach numbers was defined between 0.60 and 

0.85 so as  t o  avoid any drag r i s e  a s  opposed t o  drag creep.  

The l i f t  coe f f i c i en t  f o r  b u f f e t  onset  i s  shown i n  Figure 12  

a s  a func t ion  of Mach number. This i s  included t o  show t h a t  the  

SPE-1 wing achieved i t s  design goal of a bu f fe t  f r e e  l i f t  coef- 

f i c i e n t  of 0.90 a t  Mach 0.90.  

The drag d i f fe rence  a t  the  design poin t  ofYach 0 . 9  and a CL 

of 0 . 9 i s  211  counts between the  SMF-1 and W18 wings. The l a r g e  

d i f f e rence  i n  drag between SMF-1 and W18 appear t o  be due t o  two 

primary causes.  The SMF-1 wing has much l e s s  drag creep than W18 

and a much higher  CL fo r  the  onset  of flow separa t ion .  Thhonse t  

i g n i f i c a n t  buf fe t  s igna l s  the  onset of flow sep- 
~, , ~ -  s ; 3 ,mn - 'ro ' k ) h 2  Lr:d- A r X  '.fir The d i f f e r e d e  i n  the  CL for  b u f f e t  onset between SMF-1 and 

)I 
. a  

W18 i s  probably due i n  pa r t  t o  thh d i f fe rence  in  t h e i r  r e spec t ive  
Pt 

twists. 

of 9 . 1  deg a t  the tip. The increased tw i s t  on SIT-1  cont r ibu tes  t o  the  

high values  of CL fo r  bu f fe t  onset .  

from the  root-bending-moment gages were confirmed by an ana lys i s  

Wing W 1 8  d i d  no t  have any twistiwhereas SMF-1 had a l a rge  t w i s t  

These bu f fe t  resu l t s ,  

/ 
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of t h e  pressure  da t a  on t h e  SMF-1 wing and by t h e  o i l  f low p i c t u r e s .  

The onse t  of flow separa t ion  and thus b u f f e t  can be i d e n t i f i e d  from 

. - -.. -- I_-- 

each of t hese  sources.  This da t a  will be discussed l a t e r  i n  t h e  

r e p o r t .  

The relative aerodynamic e f f ic iency  as ind ica t ed  by t h e  

parameter M(L/D)w i s  compared i n  Figure 1 2  f o r  t h e  SIP-1 and W18 

wings. 

- 
- 

The SMF-1 wing is seen t o  have a maximum value of  9 . 5  as 

opposed t o  8.64 f o r  t h e  W18 wing. 

The SMF-1 was  t e s t e d  wi th  the leading- and t r a i l i ng -edge  f l a p s  

uncamberd t o  i d e n t i f y  t h e  drag penalty due t o  t h e  camber designed 

i n t o  the  wing box t h a t  cannot be removed with t h e  f l a p s .  The 

~ 

m i n i m u m  - &ag nf + n u  ' ne  with f l a m  uncambered is compargd 

i n  F i p r e  13 w i c  he W18 wing i n  i t s  uncambered shaDe. 

t h e  camber of  t h e  W18 wing w a s  r e s t r i c t e d  t o  t h e  f l a p  reg ion ,  t h e  

Because 
c 

W18 wing ,as shown i n  Figure 13 ,has a l l  of t he  camber removed. < 

As seen i n  Figure 13 t h e r e  is approximately a 1 0 r o u n t  pena l ty  

i n  m i n i m u m  drag across  t h e  Mach range t e s t e d  f o r  t he  camber and 

twist i n  t h e  SMF-1 wing box. 

As previously mentioned.pressure da t a  e r e  measured on t h e  

SMF-1 wing a t  f i v e  span s t a t i o n s .  These da t a  wereintegrated t o  

ob ta in  wing s e c t i o n a l  lift coe f f i c i en t s .  

and leading  edge pressures  are shown i n  Figure 14 a t  Mach 

0.90. 

4 

Sect iona l  l i f t  c o e f f i c i e n t s  

The onset  of flow separat ion on t h e  wing can be i d e n t i f i e d  
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lOENTlFYlHG AREAS OF FLOW SEPARATION 
LRC-S-7ES SMF-1 

f 

L 

S X T I O N  UfL M = 0.9 
fl 1.2 r - 

rl .92 

I ,/ 

Figure 14 - Identifying Areas of Flow SeFarathn From Pressure Dpta 
i 

1 

CORRELATION WITH EXPERIMENT SMF-I WING 
i 
i 

-1.2 
-. 8 

cp -.o" 
. 4  
. 8  

SPAN STdTION = 0.65 b12 SPAN STATION = 0.9 b12 

Ficure 15 - SKF-1 Chordwise Pressure Distributions 
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in these data. A breakdom in the sectional lift coefficients is 

noted first in the,most outboard span stations. This is the onset 

of f 1-at i o L m  the 'on of the w i p .  This 

separation was verified with the wing oil-flow 

A further breakdown in the lift coefficients isfnoted with 

increasing angle of attack. This is identified 

s-from the leading-edge pressures included in Figure 14. 

Chordwise pressure data at three span 

in Figure 15 for the SMF-1 wing. These data are at Hach 

0.90 and a lift coefficient near the design point. The dis- 

tributions as predicted by the 3-D Jameson procedure are included 

for comparison. The experimental distributions tend to form a 

"flat rooftop" distribution as predicted by the Jameson procedure 

instead of the desired "sloped rooftop" distribution predicted 

by the 2-D Garabedian and Korn procedure. 

Oil flow photographs for the SMF-1 wing at Mach 0.90 

for angles of attack from 6 to 14 deg are shown in Figures 16(a) 

thru 16(f). There is a small amount of trailing-edge separation 

at the lower angles of attack. As,angle of attack is increased, 

this trailing-edge separation becomes progressively worse in the 

wing tip region. At the higher angles of attack it is evident 

that the separation in the wing tip region has moved to the leading- 

edge. 
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Figure 16(a) O i l  Flow Photograph of SMF-1 W i n g  at 0.90 Mach 
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Figure 16b)  O i l  Flow Photograph of SMF-1 W i n g  at 0.90 Mach 
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. 
Figure 16(c) Oil Flow Photograph of SMF-1 W i n g  at 0.90 I%& 
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Figure 16(d) O i l  Flow photograph of SMF-1 W i n g  at 0.90 Mach 
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Figure 16(e) Oil Flow pfiotcgraph of SMF-1 W i n g  at 0.90 Mach 
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Figure 16(f) O i l  Flow Photograph of SMF-1 Wing at 0.90 Mach 
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In subsequent tests of the SMF-1 wing several attempts were 

made to delay the trailing-edge separation thus further improving the 

wings aerodynamic characteristics. Basically these attempts 

involved modifying the trailing-edge camber and the addition of 

vortex generators to the wing ' s upper surface. 

A set of bendable trailing-edge flaps was tested on the 

SNF-l w h g  cn +_ha+_ +_he c2Elher shape could be "tlm-ed" to a more 

desirable shape. 

cations on the SMF-1 drag polar at ?lac\ 0.90 is shown in 

The effect of these trailing-edge camber modifi- 

Figure 17. Note that at the condition corresponding to C of 
TMAx 

the FlOO engine, the camber modifications caused a loss in sustained 

lift. Also no improvement is found at the design lift coefficient 

of 0.90. At the higher CL's some improvement is noted in the CL 

for polar break. 

Vortex generators on the upper wing surface were also tested 

on the SMF-1 wing. The size and location of these vortex generators 

were varied in an attempt to find a advantageous location or combina- 

tion. These attempts at Mach 0.90 are shown in Figures 

18 (a) thru 18 (c) . No significant 'improvements were discovered. 
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4 .  CONCLUSIONS 

1. Significant transonic aerodynamic improvements have been 

demonstrated with the SMF-1 wing design. These improvements 

are due to the SMF-1 camber and twist combination. 

2 .  These aerodynamics improvements in maneuver drag (7% higher 

CL sustained) and cruise M (L/D),= (10% higher) are compelling 

enough to justify identifying how much of these gains can be 

retained by using scheduled flaps and tailored aeroelastic 

twist under load on the SMF-1 wing box. 

Additional refinement of the design will probably be required 

to make the aerodynamic improvements compelling enough to 

warrant the design difficulties associated with variable camber. 

Although the SMF-1 did produce a very successful pressure 

distribution, the design evolution of the SNF-1 wing did not 

produce a "sloped rooftop" pressure distribution. A more re- 

- 

3 .  

5 .  

6.  

7 .  

fined 3 - D  design process is apparently required to produce 

such a pressure distribution. 

The flow on SMF-1 is attached up to quite high CL'S until the 
buffet-onset is finally indyced by wing trailing-edge boundary 

layer separations. 
Vortex generators and bendable flaps were used unsuccessfully 

in an attempt to further increase the buffet onset SL. 

Sufficient data were not available to separate the improvements 

due to twist from those due to the airfoil contour. 

The 3 - D  Jameson procedure appears to be a promising tool for 

design work. 
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5 .  RECOMMENDATIONS 

1. How much of these gains can be retained with the use of simple 

leading and trailing edge flaps and aeroelastic twist with 

the SIP-1  wing box should be identified. 

The SMF-1 wing should be tested on the F-16 fuselage in order 

to evaluate its performance relative to other advanced wings 7 2 .  

designed for application to the F-16. 

be evaluated experimentally in order to determine what, if any, 

The supersonic drag of the SMF-1 wing with optimum up-rigged 

flaps and reduced twist due to aeroelastic deflections should 

supersonic penalty exists relative to other advanced wings 

designed f o r  application to the F-16. 

J 
3 .  

4 .  Further development of the theoretical wing design procedure 

used f o r  the SMF-1 airfoil is warranted. 

5 .  The aerodynamic improvements due to twist alone need to be 

separated from those due to airfoil shape. The optimum de- 

sign should combine the improvements due to both; however, 

the realtive importance of the two needs to be identified. 
4 

6. The relative merits of available transonic computer codes 

need to be identified. This task is currently being investi- 

gated at General Dynamics, and the results will soon be 

published. 
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